Aerial emissions of odorous volatile organic compounds (VOCs) are an important nuisance factor from livestock production systems. Reliable air sampling and analysis methods are needed to develop and test odor mitigation technologies. Quantification of VOCs responsible for livestock odor remains an analytical challenge due to physicochemical properties of VOCs and the requirement for low detection thresholds. A new air sampling and analysis method was developed for testing of odor/VOCs mitigation in simulated livestock emissions system. A flow-through standard gas generating system simulating odorous VOCs in livestock barn emissions was built on laboratory scale and tested to continuously generate ten odorous VOCs commonly defining livestock odor. Standard VOCs included sulfur VOCs (S-VOCs), volatile fatty acids (VFAs), and p-cresol. Solid-phase microextraction (SPME) was optimized for sampling of diluted odorous gas mixtures in the moving air followed by gas chromatography-mass spectrometry (GC-MS) analysis. CAR/ PDMS 85 μm fiber was shown to have the best sensitivity for the target odorous VOCs. A practical 5-min sampling time was selected to ensure optimal extraction of VFAs and p-cresol, as well as minimum displacement of S-VOCs. Method detection limits ranged from 0.39 to 2.64 ppbv for S-VOCs, 0.23 to 0.77 ppbv for VFAs, and 0.31 ppbv for p-cresol. The method developed was applied to quantify VOCs and odorous VOC mitigation with UV light treatment. The measured concentrations ranged from 20.1 to 815 ppbv for SVOCs, 10.3 to 315 ppbv for VFAs, and 4.73 to 417 ppbv for p-cresol. Relative standard deviations between replicates ranged from 0.67% to 12.9%, 0.50% to 11.4%, 0.83% to 5.14% for S-VOCs, VFAs, and p-cresol, respectively. This research shows that a simple manual SPME sampler could be used successfully for quantification of important classes of odorous VOCs at concentrations relevant for real aerial emissions from livestock operations.
VOCs), volatile fatty acids (VFAs), and p-cresol. Solid-phase microextraction (SPME) was 29 optimized for sampling of diluted odorous gas mixtures in the moving air followed by gas- found to be hydrogen sulfide (39%), methanethiol (34%) and dimethyl sulfide (21%) [11] .
57
VFAs were reported to be major odorants for emissions associated with animal production 58 systems, more specifically, about 60% of total VFAs in manure were present as acetic acid,
59
followed by propanoic acid, butyric acid, isobutyric acid and isovaleric acid [12- target odorous VOCs because of their low concentrations (typically in the ppbv range) and the 66 extremely low odor threshold of some of these compounds (which can be in the pptv range).
67
Moreover, the majority of odorous VOCs are present at such trace levels in a complex matrix 68 of odor-insignificant volatiles.
69
Several studies reported analytical detection limits of livestock odorants (Table 1) .
70
However, most of these were done in a static system; fewer studies aimed at quantifying
71
VOCs in livestock air applying flow-through systems [15] method is based on solid-phase microextraction (SPME) coupled with gas chromatography-85 mass spectrometry (SPME-GC-MS). A mixture of 10 standard odorous VOCs was used to Where Cppm is gas concentration in parts per million (ppmv), R is ideal gas law constant, R= (4)
125
Where Cgas was gas concentration in ng/mL calculated from Eq. 2.
126
Under constant temperature, different gas concentrations could be achieved by changing 127 the airflow, according to Equation (2). Successful generation of constant VOCs (VFAs and 128 phenolics) emissions at trace levels deploying the permeation tube technology was reported 129 previously [35] .
130
Differing concentrations were achieved by changing the air flow rate, i.e., the maximum 131 concentration corresponding to 300 mL/min of air flow and the minimum concentration 132 corresponding to 5000 mL/min (Table 2 ). The carrier gas was 99.995% pure air (pure oxygen 133 or pure nitrogen are optional carrier gases based on experimental needs). These 134 concentrations were controlled precisely using mass flow controllers (Aalborg, Orangeburg, 135 NY). The stability of generating consistent standard gas was checked by running gas samples 136 daily (n=3) and continuously for 44 days. Stability was validated, as the deviation between 137 days within the experimental period for all target analytes was small (<10%). A summary of 138 gas concentrations and physicochemical properties for all target compounds is presented in 139 Table 2 . 
Headspace solid phase microextraction (HS-SPME)

153
All HS-SPME extractions were performed with a SPME fiber coupled with a manual holder 154 from Supelco (Bellefonte, PA, USA). Before use, each fiber was conditioned in a heated GC 155 splitless injection port at 260 °C under helium flow. After conditioning, SPME fiber was quickly 156 moved to the sampling ports to perform extractions as required. Once air samples were 157 collected, the SPME fiber was removed and immediately transferred to the injection port of 158 the GC for analysis. The desorption time of SPME fiber was set to 10 min at 260 ºC. All 159 SPME extractions were completed at constant temperature (see section 2.5). The sampling 160 time was optimized (described in section 2.6). VOCs. All samples were taken in triplicate at 25 ºC from SGG by headspace SPME fiber.
166
Carrier air was dry. Gas flow rate was set constant at 300 mL/min.
167
Fiber selection was conducted for standard odorous gases in the SGG to select the 168 SPME coating with best trapping capacity of target analytes. This part was done within 48 h (shown in Fig. 1 ). All samples were taken in triplicates, while six replicates were used for method 
Linearity, repeatability and method detection limit (MDL)
208
The new method repeatability was estimated at different standard gas concentrations by 209 varying air flow rate in SGG, including five levels for sulfur VOCs, nine for VFAs, and eleven 210 for p-cresol. All tests were conducted in triplicate, except at air flow of 500 mL/min (conducted 211 in 7 replicates), when MDL was estimated. The quantification of target VOCs was completed 212 by establishing calibration curves deploying the standard gas concentrations. The 213 repeatability and the calibration curves were studied under the optimized SPME conditions. 
Statistical analysis
229
Detection limit and repeatability data were analyzed using the statistical package JMP v. (Table S1 , Supplemental Material). All the four SPME fiber coatings 238 performed sufficiently effective extraction on all selected VOCs except of sulfur compounds.
239
More effective extraction was observed using CAR/PDMS 85 μm and PA 85 μm fiber coatings principle in developing methodology is that the primary consideration should be given to the 256 group of analytes that is most difficult to extract and should be based on overall extraction 257 efficiency. Hence CAR/PDMS 85 μm coating was selected to do all the following extractions in 258 this study.
259
The fiber selection was further justified by comparing the MS detector response RSD (%) 260 ranges to standard concentrations of target VOCs sampled with four SPME fibers (Table 3) .
261
The RSD (%) ranged from 4.9% to 19.3% for the four fibers used. The relatively small RSD 262 associated with the use of CAR/PDMS 85 μm coating showed good reproducibility and more 263 stable performance for all extractions. The RSD range (from 3.3% to 7.8%) was more 264 favorable compared with that for all the other fiber coatings. 
Selection of sampling time
266
The sampling time optimization was conducted for CAR/PDMS 85 μm fiber. Experiment (Fig. 3) . The correlation coefficient R 2 values for VFAs and p-cresol 273 nearly equal to 1 (Table 4) . According to Pawliszyn [38] , the practical sampling time should be 274 the longest extraction time with the maximum amount extracted before the extraction reaches isovaleric acid as shown in Fig. S1 , and the correlation coefficients were 0.96 and 1.00 for S-
297
VOCs and VFAs, respectively; 3) more rapid increase was observed for VFAs than S-VOCs 298 compounds; 4) p-cresol was the compound with much higher m* than the other analytes.
299
RSD (%) and linearity of FID response to standard concentrations of target VOCs sampled 300 with SPME fiber at different air sampling times are summarized in Table 4 . 
Method evaluation and validation
302
The optimized procedure was evaluated and validated based on its linearity, detection Table 5 . MDLs were estimated based on 6 replicates (7 for p- 
Method application for analysis of odorous VOCs in moving air irradiated with UV
313
An example of a total ion chromatogram of UV treated gas sample from SGG is shown in 
Conclusions
320
Headspace-SPME coupled with GC-MS is a useful and effective analytical tool for ethyl mercaptan, and dimethyl mercaptan at low molecular weights have the lowest affinity to 329 the SPME fiber. Extraction efficiency of these compounds with low affinity to SPME fiber was 330 optimized by shortening extraction time. 
